In the context of a conformal Supergravity (SUGRA) model in the Einstein frame, in which the (next to) minimal supersymmetric standard model can embedded naturally to produce chaotic inflation scenarios, we study properties of gravitino in the cases where it is stable or unstable. In the latter case, we demonstrate that for large dilaton scale factors there is an enhanced magnitude of the gravitino width, when it decays to neutralino dark matter, as compared with the standard SUGRA case. In this context, we discuss the associated consequences as far as Big Bang Nucleosynthesis constraints and avoidance of gravitino overproduction are concerned.
I. INTRODUCTION
In [1, 2] simple classes of supergravity (SUGRA) models describing superconformal coupling of matter to supergravity have been considered. The models contain non-minimal scalar/space-time-curvature couplings of the form Φ R, where Φ is a frame function, depending in general on matter supermultiplets, including dilatons. Such couplings have been argued to lead naturally to Higgs-inflation in both non-supersymmetric [3] [4] [5] [6] and supersymmetric theories [7] [8] [9] . Scale-free globally supersymmetric theories, such as the Next to Minimal Supersymmetric Standard Model (NMSSM) [10] with a scale-invariant superpotential, can be naturally embedded [2, 7] into this class of theories, leading to new classes of chaotic inflationary scenarios [1] . Moreover, such models have been considered in [11] in connection with the possibility of dynamical breaking of supergravity theories, exploring further the conformal couplings of the gravitino four-fermion interactions.
It is the point of this article to discuss the properties of gravitino fields in such models, in particular in the context of the NMSSM. Specifically, we shall analyse decay processes involving gravitinos and calculate the corresponding life time. Depending on the strength of the conformal couplings, the width can be suppressed or enhanced significantly. In the case of enhancement the rapid decay of the gravitino implies a resolution of the gravitino overproduction, avoiding the Big-BangNucleosynthesis (BBN) constraints.
The structure of the article is as follows: in the next section II, we describe the basic Lagrangian formalism and properties underlying the conformal supergravity models of [1, 2] . In section III we analyse the main decay processes involving gravitinos, calculate the associated widths (and lifetimes), and discuss how the latter are constrained by BBN. Conclusions and outlook are presented in section IV.
II. LAGRANGIAN FORMALISM OF CONFORMAL SUPERGRAVITY MODELS
The action of the conformal supergravity models of [1, 2] , that we shall employ in our analysis below, in the Jordan frame reads:
where the curvature R(e) uses the torsionless connection ω µ ab (e), with e µ a the vielbeins, and e the vielbein determinant, and the gravitino kinetic term is defined using
Here A µ is the part of the auxiliary vector field containing only bosons, namely:
where A µ A is the Yang-Mills gauge field, z α are (complex) scalar fields, K(z, z) is the Kähler potential and P A is a momentum map or Killing potential, which encodes the non-Abelian gauge transformations on the scalars and may also include Fayet-Iliopoulos terms.
The notation L 0 , L 1/2 and L 1 denote respectively the kinetic terms of spin 0, 1 2 , 1 fields in (1) [1] :
where f AB (z) is a holomorphic kinetic gauge matrix,
In the notation of [1] , the covariant derivatives of the gauginos λ A are defined as:
with f AB C the structure constants of the Non-Abelian gauge group.
The fermion mass terms, L m , including gravitino bare mass terms (if any) and the mixed terms L mix containing scalars and fermions, including factors of the frame function, are given explicitly in [1] , and again will not be of interest to us in this work. We shall be explicitly interested in the penultimate of the terms on the right-hand side of Eq. (1), namely:
where
The explicit expression for the 4-fermion terms L 4f , which also contain a significant dependence on the frame function Φ and its derivatives, will be presented below. Such four-fermion terms, in particular four-gravitino ones, have been argued in [11] to play an important rôle in some variants of the above class of conformal supergravity models, which can characterise certain low-energy limits of superstring theories, in which the frame function Φ may be identified with the dilaton-axion complex superfield,
. Such models can serve as prototypes in which the Deser-Zumino [12] mechanism for dynamical breaking of local supersymmetry (supergravity) scenario is realised explicitly. The important point to notice in these class of theories is the presence of the frame function Φ in front of the four-gravitino terms. These imply that, depending on the value of Φ, assumed to be stabilised appropriately by rolling to the minimum of an appropriate dilaton potential (generated by e.g. by string loops, in case one embeds such conformal SUGRA models to string theory, or other ways of breaking the scale symmetry), the effective coupling of the four-gravitino interactions can be much larger than the gravitational coupling. Indeed, in the Einstein frame (denoted by a suffix E), the graviton field (in the original Jordan frame, denoted by a suffix J) is redefined by means of
so that the curvature term in the target-space supergravity action has the canonical form, with coefficient the gravitational coupling
In the Einstein frame, where we shall work for the purposes of this work, the gravitational part of the effective conformal supergravity action, including the fermionic torsion induced four-gravitino terms reads
where R(e) denotes the cirvature term with respect to the torsion-free spin connection, ψ ′ µ denotes the canonicallynormalised gravitino with standard kinetic term as in N = 1 supergravity,
while the . . . denote structures, including auxiliary fields, that are not of direct interest to us here. In writing (9) we have expanded the four-gravitino terms into detailed structures to exhibit explicitly the terms that generate masses, and we linearise the four-gravitino terms. The condensate of interest to us is the v.e.v. of the linearizing field ρ(x).
The reader should notice that the coefficients of the gravitino-ρ interaction terms in (9) contain dilatondependent factors ∼ e −ϕ , and are thus proportional, not to κ, but to:κ
A one-loop analysis shows that the effective potential for the condensate ρ field acquires a minimum at [11] ρ min = ρ = ±0.726 (12) at which it vanishes. The gravitino mass term, then, in (9) then takes the following form:
with the dynamically-generated gravitino mass of order
For large negative values of the v.e.v. ϕ < 0 the resulting gravitino mass is mauch smaller than the Planck scale, and thus the effective couplingκ (11) is much larger than the gravitational coupling G N .
This implies that quantum gravitational corrections to the Minkowski space-time background, on which the above minimisation of the effective potential has been considered are not strong enough to destabilise (at least quickly) the gravitino condensate, unlike the case of standard N=1 supergravity [13] . This prompted the authors of [11] to consider large positive values of
and discuss their relevance to the above-mentioned scenario of dynamical metastable breaking of local Sipersymmetry (SUSY) and generation of gravitino mass.
It is the point of this article to examine the constraints implied by such an assumption on the dark sector of the Universe in the case of the NMSSM embedded in this conformal supergravity framework. However, we shall not only restrict ourselves to the case of negative expectation values of the dilaton, but we shall be more general and also consider the dark-matter phenomenology/cosmology of the case of positive dilaton v.e.v. In this latter case, dynamical breaking of local SUSY is not possible in view of the destabilising effects of the graviton fluctuations, nevertheless one assumes conventional breaking of SUSY, e.g. through gluino condensation [14] , which is then communicating to the gravity sector to result in a non-trivial gravitino mass term m 3/2 .
III. DECAY PROCESSES INVOLVING GRAVITINOS AND ASSOCIATED CONSTRAINTS
We first notice that, in the Einstein frame, one has to first normalise the kinetic terms of the scalars z α and χ and λ fermions, by appropriate redefinitions involving the frame function Φ. In particular the gauginos should be renormalised in the Einstein frame as
in order to acquire canonical kinetic terms. On the other hand the gauge terms of the spin-1 part L 1 (4) are already in canonical form, in view of the conformal nature of the (Maxwell-like) kinetic terms for the Yang Mills fields.
Here we consider the case f AB = const = 1.
Taking (10) and (16) into account, as well as the fact that the Yang-Mills gauge fields are not renormalised in the Einstein frame by the frame function e −2ϕ , we may write the first term of the right-hand side of (6) in the Einstein frame as:
This term is responsible for the gravitino-gaugino-gaugeboson interaction and it does not transformed going to the new frame.
Tying to recap the transformations we have
The scalar and vector fields don't change. Using these we can calculate how the interactions that are relevant to the gravitino decays change due to the dilation presence.
In particular we are interested in the ψ χ Z(γ) decays, where with χ we denote the neutralino that is the LSP in our model. Doing so, we may then consider the terms L d (6) in order to compute the decay rate of the massive gravitino fieldG into , say, a neutralino χ in the NMSSM and a Z gauge boson:G
The so affected gravitino decay rate, will in turn affect the Dark Matter relic density (assumed to be dominated by neutralinos in NMSSM) and this may imply stronger Big Bang Nucleosynthesis (BBN) constraints. It is therefore important that detailed cosmological studies of such dilaton extended mSUGRA models are performed.
In the usual mSUGRA gravitino satisfies the RaritaSchwinger (RS) eqs.
which result from the RS action [15]
The RS action including the dilaton effects can be written as
where ψ 
so for ϕ < 0, which is the physical case in several of the backgrounds discussed in order to allow for dynamical breaking of local SUSY, the gravitino mass in the conformal supergravity scenario will be smaller than the corresponding one in the normal SUGRA.
In the NMSSM [10] the neutralino field can be written as:
where N ij are the elements of the 5 × 5 neutralino diagonalizing matrix. If N 11 dominates the sum i=1,5 N 2 i1 = 1, then the lightest neutralino is bino-like. On the other hand, if N 15 is dominant then the neutrslino is singlinolike. The latest data of the LHC experiments, indicating a Higgs boson mass in the ballpark of 125 GeV [16] , combined with other experimental data from B-physics and direct dark matter searches, seem to disfavor the singlino case [17] . Thus, in the following it will be assumed that the lightest neutralino is mainly bino. In this case, the dominant two body decay channels for gravitino areG → γχ andG → Zχ. Nevertheless, even in the singlino-like case those channels, especially the γχ, are dominant, mainly due to the large available phase space. Therefore, our assumption that the light neutralino is mainly bino is sufficiently generic.
We note in passing at this point that, as shown in [18] , a time-dependent (cosmological) dilaton (which can run with the cosmic time before BBN) can reduce considerably the neutralino relic density, thereby increasing the cosmologically-allowed available parameter space of SUSY even beyond the LHC reach. In this article we ignore such effects, focusing on the gravitino interactions exclusively, and assuming that the dilaton in our case has been stabilised to its vacuum expectation value at the scale of SUSY breaking (or at least it is approximately constant during a cosmological epoch). However, even for stabilised dilatons, in the Einstein frame, the neutralino-pair annihilation processes are affected by the conformal couplings, in particular are enhanced for large e ϕ > 1. Such enhancement may reduce the relic abundances already in the constant dilaton case. We postpone a comprehensive study of such effects on gravitino decays and the neutralino dark matter abundance for a future study.
Below we shall consider two cases: one, in which the neutralino is the stable Dark Matter candidate and the gravitino is heavier, thus unstable, and the other, in which the gravitino is cosmologically stable and thus constitutes the dark matter candidate. We commence our discussion from the former case.
In such a case, the formula for the decay widthG → γχ without the dilaton effects, reads as [19] :
where the spin average amplitude squared is
and the kinematical factor is defined as
On the other hand, taking into account the dilaton effects, i.e. considering the corresponding process in the conformal SUGRA model in the Einstein frame, the corresponding width becomes
Above it was defined c = e ϕ . Notice that putting c = 1 we recover the result of Eq. (24). The factor B γ is related to the bino (B) and neutral wino (W 3 0 ) components of the neutralino, that is B γ = N i1 cos θ W + N i2 sin θ W , where θ W is the electroweak mixing angle.
For the channelG → Zχ in the standard (dilaton-free) SUGRA the width reads as:
In the case of dilaton the same width becomes
It is worth noticing that Γ Zχ goes to Γ γχ in the limit M Z → 0, and the same holds for Γ ′ . We start our numerical analysis discussing models where dark matter consists of neutralinos and the gravitino is unstable. In this case decays of the gravitinos to neutralinos can be an important constraint, affecting significantly the BBN predictions. In Fig. 1 we present the ratio R = Γ ′ /Γ for the processesG → γ χ andG → Z χ as a function of e ϕ . To make this figure we use the numerical values m 3/2 = 300 GeV, m χ = 150 GeV, and for these the two body decay widths for the dominant channels (involving γ) are 1.4 × 10 −32 GeV and 3.3 × 10
−33
GeV for the γ χ and Z χ, respectively. This yields a gravitino lifetime ∼ 4.7 × 10 7 s.
We first concentrate in the region of the Fig. 1 where c > 1, for which although dynamical generation of gravitino mass and thus breaking of local SUSY may not occur [11, 13] nevertheless, as mentioned above, one may assume a more or less conventional mechanism [14] for SUSY breaking and the generation of a gravitino mass term m 3/2 , (21), (22) . In this case, there is an enhancement of the ratio R = Γ ′ /Γ, where the prime denotes the width for the conformal SUGRA case, where dilaton effects are taken into account. An important observation concerns the fact that for c < 1, which is the case where dynamical (metastable) breaking of local SUSY mass be possible, according to the arguments of [11] reviewed above (cf. discussion leading to Eq. (14)) the decay of gravitino to photons and neutralinos is kinematically forbidden. This case will face important constraints from BBN which will be discussed below. Concerning the BBN constraints, we know that they become important for lifetime of the unstable particle τ 10 2 s [20] . Since τ ′ = τ /R and the gravitino lifetime without the dilaton effects is O(10 7 ) s, one observes that with R 10 5 one avoids all the important BBN constraints practically for any gravitino mass. Using Fig. 1 we understand that this happens for e ϕ 9 or 10. For smaller values of e ϕ the BBN appears to become important, since the lifetime of the gravitino approaches its original value 10 7 s as e ϕ → 1, but its abundance is still enhanced by the factor e ϕ . On the other hand, values for e ϕ < 1 enhance dramatically the gravitino lifetime, leading to the exclusion of this range of the scale factor, being incompatible with the BBN constraints. We have checked numerically different values of gravitino mass up to TeV, but our results remain basically the same. That is, one finds that for e ϕ in the range above 8 or 10, the BBN constraints can be avoided.
In addition, we discuss also the complementary case where the gravitino is the LSP. In this case one studies the reverse processes χ →G γ and χ →G Z, from the point of view of the constraints induced by BBN. To compute the corresponding decay widths we use the fact that the amplitudes squared |M γ,Z | 2 , both for the standard and the dilaton cases, are the same as before, due to the assumed CPT invariance and unitarity. On the other hand, one has to interchange m χ and m 3/2 in F and in the denominators of Eqs. (24), (27), (29), and (31). Doing so, we plot in Fig. 2 the ratio R = Γ ′ /Γ for these reverse processes. The numerical values we use are m 3/2 = 150 GeV, m χ = 300 GeV, exactly the reverse case of Fig. 1 . With this choice, the neutralino lifetime is now O(10 7 ) s. We thus see that the kinematically allowed region happens for values of c = e ϕ < 2. This region depends on the choice neutralino and gravitino masses, but the attained values of R are not sensitive to this. One observes that in this case R 10. Thus in this case the dilaton effects can not be used to relax the BBN constraints.
IV. CONCLUSIONS AND OUTLOOK
In this article we have discussed the effects of stabilised dilatons on processes involving unstable particles, including gravitinos, that may affect BBN in conformal SUGRA models, incorporating the NMSSM in their spectra. We have found that, in the case where the gravitino is unstable, and the neutralino plays the role of dark matter, there are regions of the scale (dilaton) factor e ϕ > 8 in which the BBN constraints can be avoided altogether. Moreover, in such regimes the neutralino dark matter abundances may be diluted thereby avoiding the cosmological and particle physics constraints on SUSY matter at current colliders, including LHC. Unfortunately, this case seems not to favour dynamical SUGRA breaking (due to quantum-gravity instabilities), and therefore one has to assume more-or-less conventional breaking of SUSY and its communication to the gravitational sector. On the other hand, if the gravitino is cosmologically stable, playing the role of dark matter, the BBN constraints are very restrictive in the full (kinematicallyallowed) range of the scale (dilaton) factor e ϕ .
We have not discussed in detail time-dependent dilaton effects that involve running scale factors up to BBN, which are known to reduce significantly the dark matter abundances. Such effects, when combined with the dilaton effects on the gravitino decays considered here, may change significantly the cosmology and phenomenology of such conformal SUGRA models. We plan to return to these interesting issues in a forthcoming publication.
